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ABSTRAC T

A study of the electron flow in a Brillouin beam was made,which

yielded information that provided ari insighf. into the electron behavior in

"a medium-power Brillouin beam. It was shown that the beam can display

"a high degree of laminarity at a beam voltage of 5.000 v.

The trajectory equation of the outer edge electron in the laminar

model of the beam waslinearized and shown to give results in good agree-

ment with the experimental observations, when the focusing field was less

than twice the Brillouin field. It was also shown that the beam can be

focused at the calculated Brillouin field within the limits of experimental

error. The differences between the theoretical predictions and the experi-

mental observations, which arose from limitations either of the experi-

mental apparatus or the theory, are discussed. The effects of thermal

velocities are considere(d particularly at low beam voltages.

-vii -



I. INTRODUCTION

Since the advent of the linear beam microwave tube in World War II,

the motion of electrons in cylindrical electron beams has been the subject

of several theoretical and experimental studies, because a knowledge of

the electron motion in the beam is important in formulating a r-f , theory

for the !modulated beam. The simplest theories describing the velocity-

modulated beam assume a beam that is laminar, free from any d-c axial

variation, and with constant charge density in the radial and angular direc-

tions. While this is a highly idealized model of the beam,, it is very simple

and has led to theoretical predictions which have been subsequently veri-

fied experimentally.

The purpose of this study was to determnine the degree of laminar-

ity of the beam from an STL-100 electron gqnN This would serve as a

basis for interpreting future r-f measurements made with this beam and

provide a basic insight into the electron behavior in a medium-power beam

from a shielded Pierce gun. Although much work has been done on eleqcron

beams, most of it has been under at least one of the following restrictive

conditions: (1) focus fields much higher than the calculated Brillouin 2

field, (2) low beam voltage, (3) low current density. Very few detailed

studies have been made of the electron flow in the medium- and high-

power beams, which are coming into more general use in present-day

linear beam tubes. Some work in this direction was done by Gilmour, 3

who reported that the STL-100 beam seemed to show a high degree of

laminarity. He discovered certain anomalies, however, which he could

This was one of five donated to the School of Electrical Engineering by
the Sperry Gyroscope Company.



standing of the problem was obtained, however. A discussion of the pet-

turbation experiment, and an analysis of the results are given in Appendix B.
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IL. THEORETICAL ANALYSIS

The theory of the electron motion in a laminar electron beam is

presented as a basis for discussion of the experimental observations. 'In
4

general the approach used follows the one used by Wang.

A. DERIVATION OF TRAJECTORY EQUATION

In the laminar model the electron beam is described as an infinite

number of concentric, cylindrical shells. An electron is injected into a

given shell at the plane of origin (the cathode) and remains in that shell

until the beam is terminated. Under these conditions any electron trajec-

tory may be described in cylindrical co-ordinates by

ri(z) = ý± r(z) , (1)

where r is the radius of the outer-edge electron shell as shown in Figure 1,

and r. is the radius of any internal electron shell. Since for laminar flow,
1

ý± is a constant, only the trajectory of the outer edge electron shell need be

determined to describe the electron motion in the beam completely.

The Hamiltonian function in cylindrical co-ordinates is;

1 €2 .2 r2
H m(- +z +r )2 e4 =0 , (2)

which expresses the fact that the system is conservative. The equation of

motion for the electron beam can be obtained by using the three Hamiltonian

equations:

dP dP dPr _ H z 8H - OHI- (3)
dt -a r dt a z dt a 0

-4-
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Figure 1. Diagram of Electron Beam Showing Some of Parameters Used
in Deriving Laminar Theory.

where Pr' Pz, and P e are the generalized moments.

Since B, the magnetic field, is represented by a solenoidal vector, it

can be expressed as the curl of a magnetic vector potential, A. Because of

the axial symmetry of the magnetic field, only the Ae component of the vector

potential is required. The magnetic field components may be written as

1 aA 0 A
z r r r 7 (4)

The velocities may be eliminated from H 'by using

P mrn , (5a)

P m= , (5b)
2 ,

P 1 = mr - er A '(5c)

The Hamiltonian then becomes

1 [2 2 P 0 + -e

T p= Lr + P+ e.A 6 ) -e (6)

-5-



The operations indicated in Equation (3) are performed on this equa-

tion to obtain the following equations of motion:

Sr ez . Br + , (7a)

d 2..

z = •r 0 B r+ (7b)

d (r 2 r A0 ) = 0 (7c)

where 7 is the electron charge-to-mass ratio, and where it has been assumed

that the potential ý is axially symmetric (8p/80 = 0). Equation (7c) may be

i-ntegrated directly to yield

r e r7(rAe- rc A), (8)
\ C

where A. is a measure of flux through the catiode. For the case studied, the
c

magnetic field was independent of r and z in the drift region; therefore

Ao = r B (9)
0 2 z

from Equation (4), and Equation (8) becomes

CO = L (1 - r ,20

where w L = 77B/2, the Larmor angular frequency, and g is the radius of

the flux line through the edge of the cathode at the plane where 0 is to be

determined as shown in Figure 1.

The term 8a/ar of Equation (7a), which is the radial component of

the electric field in the presence of space charge,, must still be determined.

From Poisson's equation,

I d(r Er_
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the radial field strength E within the beam (ý. '5 1) is obtained. This is

r

based on the assumption that the axial field that is due to axial variations

in charge density arising from scalloping of the beam can be disregarded.

Since B = 0 for this case, this assumption also means that Y will be very.

small and need not be considered.

Integrating Equation (11) yields

E_ pr (12)
0

The actual space-charge density, p, cannot be exactly specified in the beam.

A good approximation is obtained by writing

I
- 0 (13)

irr3 u

where I is the beam current and u is the z-directed beam velocity;, p and
0

u should be ihdependentzof r when.this approximatiom is used. (From obser-

vations on the beam cross section it has been seen that p is indeed very

4nearly independent of r.) For the Brillouin beam (g = 0), Wang has shown

that u is independent of the beam radius and has the value,

u =VZ n (Vb + T)

where V is the potential at the beam edge, and s is due to the negative

potential depression at the beam center caused by the space charge in the

beam. Gilmour3 has tabulated u as a function of the ratio of beam radius

to drift-tube radius for a beam of microperveance one.

Using Equations (10), (12), and (13) in Equation (7a) gives

r r r L -L(WL -7 - 2re (1.4)
r -

-7-



By writing R = /a and R = g/a, where
g

a ~ (15)
oLV 2Tr ýou

one finds that Equation (14) becomes

4(14 [ )149-))- RO 0 (16)

This equation describes nonlinear oscillations about an equilibrium

radius R at which R = 0. After some manipulation, we gete

Re+=1+(1 + 4 (i7
(17

It is seen that for the Brillouin beam (g = 0),

R e 1

or

r =ae

Thus the normalizing term specified in Equation (15) is the equilibrium

radius for the Brillouin beam.

B. SCALLOP WAVELENGTH FROM LINEARIZED TRAJECTORY
EQUATION

Equation (16) is not very useful for calculations in the form given.

For this study, however, only values of the focusing field near that value

that produces a Brillouin beam with no radial oscillations are studied. The

-8-



radial deviations from the equilibrium radius should, therefore be small,

and the normalized beam radius may be written as

R = R (1 + 5)e

where 6 is small, such that

i

(I T . 3 -36

Then Equation (17) becomes

RZ Z e

From the definition of Re given in Equation (17), it is easily shown

that the term on the right-hand side is equal to zero, so that

.0 2g+1
+ W + 0(18)

Some predictions of the beam behavior for a few special cases can

be made on the basis of this equation. The simplest case is that of the

perfect Brillouin beam for which'Equation (18) becomes

6"+ 2 6 = 0 (19)

This equation describes radial oscillations, at the scallop frequency

ws = \JY'wL. When p is calculated from Equation (13) using the equilibrium

radius as given by Equation (15), then

"7(20)

-9-



Lp

where w is the plasma frequency, and wp It shouldbe noted
p p e, 0

that Equation (20) has been obtained without the restriction that the beam

does not scallop. The amplitude of the beam scallops cannot be very large,

however, or the restrictions placed on 6 in deriving the linearized Equa-

tion (18) will not hold.

The scallop wavelength can be readily obtained from Equation (20):

2 ru _ Ftz= ZI × (21)

where X is the cyclotron wavelength, and w = r7B is the cyclotron fre-
c c

quency.

The opposite extreme from the case g = 0 is when Rg/Re= 1. This

is analogous to the case of confined flow in which all the focusing flux

threads the cathode, and very high magnetic fields are used. It can readily

be shown from Equation (17),however, that the condition R = R can onlyg e

be met at R = 0, which is not a physically realizable case. The problem
e

arises from the term 1/R in Equation (16), which represents the space

charge of the beam. Because of this term, the equilibrium radius, Re, of

the beam in the drift region must be larger than the radius of the flux line

threading the edge of the cathode. This expansion of the beam allows the

electron trajectories to encircle more magnetic flux in the drift region than

at the cathode, so that the, inward-directed Lorentz force can balance the

outward-directed space-charge force.

For the case of zero space charge,

W = 0
s c

(22)

s c

-10-



When the space charge of the beam is considered, Equation (22) serves as an

asymptotic limit to the scallop wavelength as the magnetic field is increased.

For those cases where some flux threads the cathode, the scallop

wavelength will be intermediate between X c and c The value predicted

by the theory must be calculated for the parameters of the system being

studied, where
i

3R 
4

W sW + 4g,2 + 3a)

3R 4  1
=X 2 i2 X + + 9., (23b)

e e

and R is given by Equation (17). It should be noted that these equationse

are still subject to the condition that 8<< 1 under which the linearized

equation was derived.

C. MAGNITUDE OF BEAM SCALLOPS

In a practical tube design, the magnitude of beam scallops is of great

importance. This has been determined by previous workers, but not in the

form best suited to this study. The values of R maxnd P m can be ob-

tained by integrating Equation (16). If this equation is multiplied by 2 R it

can be integrated directly to yield

k2 + '2 R2 + R- 2l n R =InR (24)

C is a constant that is evaluated from the boundary conditions at the plane of

injection into the focusing field. In this study this plane is referred to as the

anode exit.
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It has been observed experimentally that the case of zero amplitude

scallops can almost be obtained with the beam from the STL-100 electron

gun. This suggests that the radial velocity at the anode exit is zero or

R = 0. Scalloping does occur, however, when the magnetic field is set

either above or below the value for zero amplitude scallops. Since R = 0,0

this corresponds to the case R / R , which is to be expected, since Re

is: a function of the magnetic field. The boundary conditions can then be

written as

R = A R , (25)

o e
R =0;

0

then

C = 2 R 2+ sa -2 ln Ri
I R 0 0

and

2 + W LR0 + - 4- - 21jn 0 (26)

At R , where the subscript m denotes either a maximum or am

minimum of the beam radius, R = 0. For the case R = 0, the calculationg

of Rm is rather straightforward:

R

R2 - R -Z In m (27)m o R--0

When A = i in Equation (25), R = R and there is no scalloping. Ifm• e

A / i, there are two solutions, one of which, is R = R . If A > 1,S m 0

R = Rmax o

R A22 R 2 A2 2
rain e

R.=AR -1=A-



since Re = 1 and Equation (27) gives
ez 2 A2

a = In (28)
A -a

For the case of A < 1,

min 0

2 2
R =A + a
max

where
2 A 2 + a2

a = In 4 (29)

In each of these cases, RZ

2 2 2 max
a =Rmax Rain = ------ (30)

rmin

When R / 0, the calculation of R becomes more difficult. It isgm

sufficient for this study to observe the effect on the scallop amplitude of

small amounts of flux threading the cathode. From Equation (26),

R2 _ R2 + g - 2 In m
m 0 R \•RR

It is readily seen that the value R = R is still a solution for Equation (31).

Then Equation (31) may be written as

R~g /R~min t)ax

R2 2 . + -4 In' max (32)max m = Rz (- =ln

This requires that for the same difference, R2 - R2. , the addition ofmax 7 min

cathode flux causes the ratio Rmax /Rmin to decrease. This means that the

-13-



percentag.e of scalloping decreases, but that the average radius (or equili-

brium radius) increases. It has previously been shown that the effect of

cathode flux is to increase the equilibrium radius over the Brillouin radius.

Thus the effect of flux threading the cathode is to decrease the scallop am-

plitude.

-14-



III. CALCULATIONS AND EXPERIMENTAL RESULTS

A. METHODS OF TAKING DATA

The data for this experiment were obtained using the electron beam

analyzer described in Appendix A. Because of the construction of the

analyzer, it was not possible to obtain data closer than at a plane 6.2 inches

from the anode exit. Measurements were therefore taken in a drift region

from 6.2 inches to 20 inches from the anode exit. This restriction caused

some uncertainties about the behavior of the beam immediately after

leaving the anode exit, which are discussed later in the text. In. general,

however, the beam behavior could be adequately measured in the region

available. Figure Z0 shows some typical data with the beam cross section

as a function of axial position for several values of magnetic field. The

beam diameter obtained from data such as are shown in Figure 20 are

presented in Figure 2 for five values of magnetic field. This diameter was

.150
0 0

.125 GAUSS- 0 0 0
C L 0'

\0 le 0

248 \ 0/ 0
- o0 \0o \,,, \ .. 0,o. .o/ % 0 0.o00' 0 **101 -0-0, Nb --- o --o0-,'

0"80 00334 0 0 "0 -= OO - 01
0 0.% / -0o ,-0 0 o"

< 0 .75 - 334 ,,•o---6.o e..O., 0 .,0, O.* O.g~ 0_._.Oeo _o, o 0 O. o_0. 0100. ^

=E 38304 o 0"_ 0/' '.. ^. ok..^ _o" 0

co" 01° 0 1, 0% 0 0 0'°" '. o.-0 . o -O '

0
.I I I I I I I I

6 7 a 9 10 II 12 13 14
DISTANCE FROM ANODE EXIT (i:n.)

Figure 2. Beam Radius Including 95 Per Cent of the Beam, Current versus
Axial Position.
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measured at the value of current density that was one-third the current

density at the center of the cross section. Detailed measurements on

several cross sections showed that this method of measuring the beam

diameter yielded a value that included 95 per cent of the beam current

within about 1 per cent tolerance.

This method yielded very good results on the beam diameter, but

was very tedious for determining the scallop wavelength for many values

of the focusing field. By measuring the variation in current density on the

axis, one could obtain the scallop wavelength much more easily.

Plots showing the current density variation on the axis are shown

in Figure 3. A unit of J in this plot is the current density on the axis
0

when the beam is focused by the Brillouin field. Figure 3 is a direct

reproduction of data taken on the x-y recorder, on which all data were

recorded. It is apparent that it was easier to measure the scallop wave-

length from these plots than to reduce the data as required for Figure 2.

B. CALCULATIONS OF THE BRILLOUIN FOCUSING FIELD

To calculate' the Brillouin field, the current, voltage, and beam

radius must be accurately known. The beam radius is one of the most

difficult parameters of the beam to define because of the finite slope of

the beam. edge, which makes it necessary to choose some value of radius

arbitrarily and define it as the beam "edge." For Figure 2 the beam diam-

eter including 95 per cent of the current was chosen. With this value, the

radius of the nonscalloping Brillouin beam was .088 in. Since the beam

In this study the term Brillouin field will refer to the value of focusing
field that produced the minimum scalloping on the Brillouin beam.
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current and voltage were known, this made it possible to calculate the

.5Brillouin field using the equation derived byoPierce::

I = 1.45 x 10 B V r (inks) (33)
0 0

1/21/For this calculation, the effective voltage,(V) .95 (Vo was
eff0

used to allow for the depression in potential at the beam center. This cor-

3rection was calculated by Gilmour for the perveance and the drift tube

size used. With

I = .407 a
0

V = .5000 v0

r = .088 in.

the calculated value of magnetic field was

B = 297 gauss.

The amplitude of the beam scalloping was less than 5 per cent over a

range of focusing field from 287 to 293 gauss. This indicated an experi-

mental value of the Brillouin field of 290 gauss. This is within 2.4 per

cent of the theoretical value, which is excellent agreement with the theory,

in view of the assumption made in the calculation. Because of this agree-

ment and the limitation on the accuracy of the calculation, a value of

290 gauss i4 used for the Brillouin field in the following discussion.

Previous experimenters have reported that much higher fields than

the calculated Brillouin value were required to focus the beam6'7' 8

6Brewer, reported that fields 10-20 per cent greater than the calculated

-18-



Brillouin value were required to obtain minimum scalloping. He also noted

the presence of a translaminar stream of electrons in his beam caused by

aberrations in the anode of the gun. In the beam studied, however, there

was very little translaminar motion detected. This suggests that signifi-

cant amounts of translaminar motion in the beams studied in previous exper-

iments made it necessary to use focusing fields higher than the calculated

Brillouin field. This would mean that the optics of the STL-100 electron

gun are much better than those usually encountered in electron guns, so

that the entrance conditions at the anode exit approximate the theoretical

model more closely than in previous experiments,, resulting- in a more

nearly laminar beam.

C. EQUILIBRIUM BEAM RADIUS

In Figure 4 the equilibrium radius, r , is plotted as a function of

magnetic field, using Equation (17). In these calculations, and in all others

in this study, the ratio Bc/B (where Bc is the flux through the cathode)

was assumed to be constant for all values of magnetic field, a valid assump-

tion if the shielding material over the electron gun saturated uniformly. In

practice Bc/B was probably not constant, but over the narrow range of

magnetic field used, this was a reasonable approximation.

When the ratio Bc/B was constant, the term Rg, which accounted

for flux through-the cathode, could be evaluated in terms of the beam para-

meters:

4  g c 4 B 4 ( if° r)U 2

9-a a
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Then if /

where D is a constant for a given beam voltage,

R4 = 4 c B4
g (34)

Since Rg c' B, the value of r e was tabulated for several values of B forge

different ratios ]Bc/B and the appropriate curves drawn. In the calculation

using Equation (17) , the ratio re/a was obtained. The value of effective

beam voltage was used in calculating a in a manner similar to that used

in calculating the Brillouin magnetic field.

The beam radius containing 94 per cent of the beam was plotted

for several values of magnetic field. Data was taken on the beam using

two different cathodes in the same gun. Values of r e obtained from each

cathode over different ranges of magnetic field are shown. The radius.

including 94 per cent of the current was chosen for this plot to obtain the

best fit with the theoretical curves. Several values of radius were tried,

all of which produced curves of nearly the same shape but different verti-

cal position on the plot. The value of r e for the lowest magnetic field was

most important, since it should have been just above the curve calculated

for B /BtcO..

The variation of the equilibrium radius as the magnetic field was

increased indicated that Bc/B = .004, The presence of this flux is impor-

3
tant in explaining some of the anomalies observed by Gilmour and is dis-

cussed more fully in a later section.
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D. SCALLOP WAVELENGTH

In Section II it was shown that when the entrance conditions at the

anode exit were not those required for Brillouin flow, * the beam edge would

oscillate radially, so that the beam took on a scalloped appearance. The

scallop wavelength was derived from the linearized trajectory equation.

This wavelength is plotted in Figure 5 for low values of Bc/B. The gen-

eral behavior is seen to agree with the behavior predicted in the discussion

of the theory. The value of Xc used in calculating the scallop wavelength

was obtained from the beam velocity and magnetic field: X = 2ru/17B. The

accuracy of this calculation of Xc has been experimentally verified by

3
Gilmour, who used the effective beam velocity.

Figure 5 shows values of scallop wavelength obtained from meas-

urements, similar to those of Figure 3, of current density on the axis.

These values support the observation that there is a fraction of the focusing

field threading the cathode and that B c/B = .004.

Some further measurements of the scallop wavelength were made

with some of the shielding removed from the cathode. In addition to the

ferromagnetic gun shell, an iron cap was usually placed over the gun to

provide additional shielding. This cap is shown in Figure 13. By removing

this cap the amount of flux threading the cathode was increased slightly.

The measurements of scallop wavelength shown in Figure 5 indicate that this

increase was Bc/B = .002.

This change in the scallop wavelength obtained by allowing addi-

tional flux to thread the cathode supports the view that the decrease in

The term Brillouin flow refers to a B-riliouin beam focused by the
Brillouin field.
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scallop wavelength below the theoretical value was indeed due to a small

amount of flux threading the cathode. This is important in explaining the

anomaly observed by Gilmour.3 He measured scallop wavelengths 7 per

cent shorter than those predicted by theory (,%s = 1.31 Xc instead of

9, but concluded that no flux threaded. the cathode because the plot

of.,XX versus B had a slope of -1. The basis for this conclusion is shown

in Figure 6, where the values of scallop wavelength measured from oscil-

lations of the beam edge are plotted. The points represented by circles

are values obtained in this study, and those by squares are values obtained
3

by Gilmour. The agreement between these values is seen to be extremely

good, which points to the high accuracy of these measurements.

This high accuracy near the Brillouin value of magnetic field makes

significant the marked deviation between values of scallop wavelength

measured from the oscillations of the beam edge and those measured from

the variation in charge density on the beam axis. This deviation must arise

from phenomena not included in the laminar theory. This difference can

be explained by considering the motion of a group of translaminar electrons

moving in the interior of the beam.

Assume, then, that the theory is valid and that the values of scal-

lop wavelength measured from the current density on the axis are those

closest to- the correct value, even though near the Brillouin field these

values were also lower than predicted by the theory. It should be noted

that any phenomenon which alters the scallop wavelength of those electrons

near the outer edge of the beam might also affect the wavelength of elec-

trons near the beam axis.
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Brewe.r has shown -that for a Brillouin beam that does not. scallop,

the interior of the beam is a force-free region; that is, an electron moving

across the beam in a translarminar manner will not be deflected until it

passes outside the beam. For a Brillouin beam with small scallops, the

forces on translaminar internal electrons will be small. If there are

significant nambers of translaminar electrons, this idealized View would

not be valid, but this would be because the laminar electrons had been

perturbed from their "perfect" Brillouin trajectories.

Consider the case of a Brillouin beam that is scalloping very

slightly, as illustrated in Figure 7. In the interior of this beam is a

stream of translaminar electrons comprising only a few per cent of the

total beam current. The translaminar stream can be considered to be

scalloping with a'wavelength shorter than the beam scallop wavelength.

Since this translaminar stream is oscillating violently, the forces on

electrons in this stream are relatively large, and the: wavelength of this

stream may be considered to be rather stable. The laminar electrons

are oscillating with low amplitudes, where the focusing forces are

TRANSLAMINAR STREAM

EDGE OF LAMINAR BEAM

\ / /1

- .- /

Figure 7. Motion of Translaminar Stream in Brillouin Beam.
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delicately balanced, therefore it is quite conceivable that the space-charge

forces of the translaminar stream would "pull" the wavelength of the

laminar electrons toward the translaminar scallop wavelength. This would

appear as a shortening of the beam scallop wavelength. The wavelength of

the translaminar stream would also be pulled toward the scallop wavelength

of the beam to allow the transverse momentum to be conserved. This

pulling effect on the wavelength would be most noticeable near Brillouin

flow. Since this tran'slaminai stream is assumed to include only a small

per cent of the total beam current, its effect on the wavelength would, not

be appreciable when the scalloping becomes large.

This hypothesis can now be related to the actual beam studied. At

high magnetic fields, a translaminar stream such as the one described was

clearly observed in the beam, and cross sections of the beam taken at

several axial positions showed that it oscillated violently. The presence of

this stream can also be noted in Figure 3a at the points where it passed

near the beam axis. At values near Brillouin flow and below, this trans-

laminar stream became too diffused to be identified, but the translaminar

electrons should still be present in the beam. The wavelength of the

stream was determined at high values of magnetic field and is plotted in

Figure 6. A curve drawn through these values would be similar to one

plotted from the theory for a rather high value of flux threading the cathode.

Near the edge of the cathode the flux threading the cathode 'would be ex-

pected to be higher than the average flux threading the cathode because of

the close proximity of the ferromagnetic focusing electrode. Also,

Brewer 6 has. shown that the electrons near the beam edge are likely to be

formed into a translaminar stream. by aberrations in the anode aperture.
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Thus not only the presence but the origin of this translaminar stream can

be identified.

Therefore, near Brillouin flow, translaminar electrons were pres-

ent in the beam which could disturb the scallop wavelength as hypothesized.

For a magnetic field of roughly 200 gauss, i. e., 2/3 the scallop-free Bril-

louin value, the curve of slope - 1. is seen to turn toward the value predicted

by the theory. From the hypothesis this would be expected as the beam scal-

loping again became large. Because the slight upward trend in the value of

scallop wavelength was always observed, it must be considered significant.

Furthermore, Gilmour observed this phenomenon occurring consistently at

values of beam voltage in the range 3000 v - 6000 v.

The presence of oscillations with, two different wavelengths in the

-beam should result in a beating effect. This was in fact observed; more-

over, it was observed only for focusing fields near the Brillouin field.

Because of the small amplitude of the beam scallops in this region, it was

difficult to observe, but it was observed by measuring current density

variation on the axis with high level of gain in the recording circuitry.

It may be safely concluded, therefore, that the translaminar elec-

trons in the beam had caused part of the reduction in scallop wavelength

observed by Gilmour. Of the 7 per cent error, about 3 per cent may be

attributed to the presence of flux threading the cathode and the remaining

4 percent to the pulling effect of the translaminar electrons.

It has been shown that when flux threads the cathode, the trans-

laminar stream cannot pass through the beam axis. Since the primary

effect of this stream must be on electrons in the region through which it

moves, this explains why the scallop wavelength measured from the current
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density variation on the beam axis should differ from that measured at the

beam edge. The slight decrease in scallop wavelength on the beam axis,

below the theoretical value may be ascribed to the secondary jeffect of the

wavelength of the outer edge scallop pulling the axial scallop wavelength.

Some other properties of the translaminar stream should be noted:

1. The reason the translaminar stream appears in Figure 3a is

that the pin-hole of the scanner was not exactly on the beam axis. This

was because the beam axis oscillated about the axis of the drift tube atthe

cyclotron wavelength. At some axial positions where the stream would

have been expected to appear, it was not seen because the pin-hole was on

the beam axis.

2. The translaminar stream discussed here was not a part of the

3tails that have been observed moving transversely in the beam. The

scallop wavelength of an electron that makes up part of the tails is nearly

that of the beam and therefore would not fit into the explanation of the

shortened scallop wavelength.

3. The translaminar stream referred to here is definitely a prop-

erty of the STL-100 gun and not the result of a cathode imperfection or

misalignment of one particular cathode. It was observed on the beams

generated from several cathodes.

E. MAGNITUDE OF BEAM SCALLOPS

The magnitude of the beam scallops computed from Equation (30)

is plotted in Figure 8. The radius including 95 per cent of the beam and

the radius of the outer edge of the beam are shown on the plot. The outer

edge of the beam was determined by extrapolating the side of the beam to

zero current as shown in Figure 9. Neither of these values of the radius
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provides a good fit. with the theory for magnetic fields either above or below

the Brillouin field of 290 gauss.

This discrepancy can be resolved after careful examination of

Figure 2, which shows that the amplitude of the scallops decreased and the

equilibrium radius of the beam increased as a function of axial position.

Somewhat better correlation between the theory and experiment was ob-

tained by a linear extrapolation of the measured values of the maximum

and minimum radii of excursion back to the plane of the anode exit. There

is of course no particular justification for using a linear extrapolation or

even the same extrapolation for all values of maxima and minima, but this

extrapolation points up the problem. A good fit between the maximum and

minimum radius o-f the beam scallop was not obtained,,because it was not

possible to determine the amplitude of the initial scallop.

This decrease in the magnitude of the scallops and increase of

equilibrium radius had been observed by Rigrod9 and used to explain the

growth of noise in the beam. He considered the mechanism for this noise

growth to be scalloped beam amplification, in the manner described by

10
Mihran. It is possible that this phenomenon could'he used to explain.the

decrease in magnitude of the -beam scallop observed here.

F. ACCURACY OF THE LINEARIZED THEORY

Striking confirmation of the validity of the linearized theory for the

region of interest was obtained using the data presented in Figure 10. In

this figure data similar to that shown in Figure 3 was obtained with and .

without the shielding cap over the electron gun. The average axial current
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was reduced by approximately 28 per cent when some of the shielding was

removed. If the beam shape remains constant (variation of P with radius

does not change), then
A J (& r)

J0  (er) (35)

0 2

and the decrease in axial density corresponds to an increase in the equi-

librium radius of 13 per cent. From Figure 4, this corresponds to an

increase in equilibrium radius to 0.61 in. or B /Bný .006. This value of

flux threading the cathode when the shielding cap was removedis the same

as that obtained in direct measurements. This agreement attests to the

accuracy of the measurements and the soundness of the theory.

G. THERMAL EFFECTS

It is well recognized that the assumption of a laminar beam is

highly idealistic. Ifiaitrue laminar beamthe electrons must have zero

velocity at the cathode, whereas, in fact, the electrons are emitted in ran-

dom directions with a wide range of velocities. Thus despite the excellent

agreement noted between the laminar theory and the over-all beam behavior,

some differences in the details of electron motion are to be expected.

It is characteristic of electron beams that the beam edge is not

sharp, as predicted by the laminar theory. This arises from the trans-

verse velocities of the thermal electrons which cross the nominal beam

11
edge and cause this edge to appear diffuse. Pierce and Walker have

derived a theory that incorporates a thermal correction into the laminar

theory. They assume that the transverse velocities of the electrons are
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in thermal equilibrium with a Maxwellian distribution of charge density

within the beam. In their derivation, fierce and Walker derive a factor,

iL, which is proportional to the beam parameters:

I

5. 5.56 0 (36)

whe re

I 0 beam current in milliamperes,0

V beam voltage in kilovolts,
0

T 0 beam temperature in hundreds of degrees Centigrade.

1.2
It has been observed both theoretically and experimentally that T may

0

be, calculated by

T= M2 T , (37)o c

where M is the area convergence ratio of the gun, and T is the cathode
c

temperature.

The fraction of the beam outside a selected radius has been plotted

.for various values of 4. This plot is reproduced for three values of 4 in

Figure 1.. Using the known beam and gun parameters for a beam voltage

of 5000 volts gives

F = 21.3

This indicates that the "cold" Brillouin radius (for which T = 0) would0

include 90 per cent of the current, but this would require a value of

Brillouin field much higher than the experimental value; therefore the

95 per cent radius must be the "cold" radius, and the value of FL must be

adjusted to FL = 100.
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Figure 11. Fraction of Charge Outside of Given Radius, r, Normalized to
"Cold" Brillouin Radius, r.

The shape of a beam edge obtained from a typical cross section is

also shown in Figure 11. In view of the crudeness with which the data

points were taken, the correspondence with the Pierce-Walker theory is

good. The most significant result is that the observed beam temperature

using the "cold" radius was five times lower than that predicted from the

Pierce-Walker theory and from Equation (6). The rea.son for this is not

fully understood.
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Another theory that has been proposed to describe the thermal
1.3

velocity effects in the beam is Herrmann's optical theory. The electrons

are assumed to move in a perfect optical system under the paraxial-ray

assumptions, and the requirement of laminarity is discarded. The beam

is shown to form corssovers and images at successive points on the axis.

At a crossover the beam cross section is Gaussian in shape, and at an

image the beam cross section is rectangular (an image of the cathode).

This theory also predicts that the focusing field should be larger than, that

predicted by the laminar theory as given in Equation (33).

Electron flow like that predicted by the optical theory has been

7.observed experimentally under special conditions; i. e. at low voltage,

where thermal effects become very significant. In this study the STL-100

gun was also operated at low voltage - 420 volts - to see if a correlation

between the beam behavior and the optical theory could be obtained. This

data is shown in Figure IZa and can be compared- with the data obtained at

5000 volts as shown in Figure 12b.

The beam edge is much more diffuse in Figure iZa than in Figure

12b. The thermal theory of Pierce and Walker predicts this. Fro~m

Equation (36) for a beam of constant perveance, K,

I K V0 0 (38)
To V2 To

0

so that ýi is directly proportional to the beam voltage. Using the value

already obtained of ji = 100 at 5000 volts, we get k = 8.4 for 420 volts, and

from Pierce and Walker's results, the "cold" Brillouin radius is found to

include only 80 per cent of the beam current. This accounts for the diffuse

beam edge. The optical theory does not provide a meansfoer determinning
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Figure 12. Beam Cross-Sections Showing Applicability of Optical Theory.
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the beam edge. Since the beam edge is diffuse, one must be able to deter-

mine the nominal beam edge; therefore the 80 per cent .radius obtained from

Pierce and Walker was used.

When the beam radius that included 80 per cent of the beam was

plotted,it was found that this radius scalloped about the value re = .087 in.,

which is essentially the same as the "cold" Brillouin radius determined at

a beam voltage of 5000 volts. Ideally the beam edge should not scallop at

this radius. It was shown in an experiment at 5000 volts, however, that

beam scalloping of considerable magnitude could readily be induced by

moving the magnetic pole piece axially 1/8 in. This changed the entry con-

ditioris.-t, the: anode exiti so that they deviated from ideal conditions, which

would indicate that the scalloping of the beam edge at 420 volts may be

attributed to improper entry conditions.

Except for the diffuse beam edge and scalloping, the beam was seen

to follow the predictions of the optical theory. The fact that Gaussian

crossovers were formed periodically is not entirely evident from. the data

in'Figure iZa because of the distortions arising from the beam scalloping.

A scallop wavelength of 1.19 kc was measured, which could be compared to

the distance between images of 1.6 Kc. It was not possible to adjust the

focusing field so that the current density on the axis did not vary, as would

be expected from the model of the optical theory.

The validity of the laminar and optical theories for the low-voltage

beam dis compared. in the following table. The values calculated from the

optical theory were obtained using Equation (5) instead of the corrected

beam temperature needed for the Pierce and Walker theory, and are shown

in Table I.
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TABLE I

Comparison of Optical and Laminar
Theories with Experimental Measurements

Laminar Optical
Value Measured Theory Theory

B (gauss) 107 84 108

Xs /.4c 1.19 1.41 1.21

The beam behavior at 5000 volts does not agree with the optical

theory model. A calculation using this theory predicts a required focusing

field of 306 gauss, which is somewhat high. Much more serious is the dif-

ference in the beam cross section and the prediction of periodic crossovers

of Gaussian shape. The data in Figure 12b :show no) such tendency. When

similar dataweretakenover the full range of from 6.2 in. to 20 in. from

the anode exit, no change in the beam cross section was noted. This also

held true when the beam was scalloping with radial variations of up to 40

per cent. A calculation from the optical theory predicts that crossovers

should occur every 10.2 in,., so that at least one cross over should have

occurred within the space in which data was taken. The assumptions under

which the optical theory was derived do not seem to have been violated,

so it would seem that the model is not valid at high voltages.
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IV. DISCUSSION AND CONCLUSION

A. SUMMAR.Y OF RESULTS

The linearized theory of the laminar beam presented has been shown

to predict the beam behavior near Brillouin flow accurately even when a

small amount of flux threads the cathode, which indicates that the laminar

model gives a close representation of the behavior of the medium-power

beam. The observed correlation between separate measurements on the

beam, which was predicted by the theoryý indicates that the data taken in

this experiment are of high accuracy.

The optical model of the beam, which has been proposed to allow

for the thermal velocities of the electrons, was shown to be very accurate

at low beam voltage (420 volts), but not valid at the higher voltages usually

used with this beam. At higher voltages the beam was focused at the calcu-

lated Brillouin field and the periodic appearance of Gaussian cross sections

in the beam was not observed, as would be expected from the laminar model.

Therefore, the laminar model is a closer representation of the actual beam

behavior at higher voltages. This is not very surprising, since at higher

beam voltages the thermal effects become relatively smaller. It has not

been previously reported that the optical theory is not applicable at higher

voltages. It should, therefore, be restricted in its application to devices

operating at low beam voltages.

The linearized theory developed in this report has wider application

3.
than the theory used by Gilmour in that the restriction R. << 1 has beeng

removed. For a gun of high area convergence, such as the one used in the
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STL-100, this restriction can be shown to make Gilmour's theory invalid

even when, B /Bis only a small fraction of one per cent.
c

The anomaly in the scallop wavelength observed by Gilmour was

also observed in this experiment. In addition it was observed that the

scallop wavelengths measured on the beam axis near Brillouin flow dif-

fered from those measured on the beam axis. This behavior has been

attributed to a translaminar stream moving near the outer edge of the

laminar beam that "pulled" the scallop wavelength of the outer edge elec-

trons when the focusing field was near the Brillouin field. Gilmour's

finding that a straight line of slope -1 best fit his data points, indicating

an observed scallop wavelength less than the calculated value, must be

attributed to his data being taken over a narrower range than reported

here.

The anomalous magnitude of the beam scallop has been shown to be

due at least in part to the data not being taken in the region where the beam

entered the magnetic field and to the scallop decreasing with axial position

from the anode exit to the region where data were taken. This decrease

in the magnitude of the scallop cannot be explained using the laminar theory

but may be due to noise amplification in the beam as described by Rigrod.9

The diffuse appearance of the beam edge was shown to result from

thermal spreading of the electrons across the nominal beam edge as pre-

dicted by Pierce and Walker. This agrees with the results of a much

more thorough investigation by Brewer,6 except that an equivalent beam

12temperature of only one-fifth of the value usually taken was required to

obtain this agreement. The reason for this discrepancy is not known at

this time.
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B. PROPOSALS FOR FUTURE INVESTIGATION

An investigation of the beam flow in the first six inches after

leaving the anode exit should be made. This should make it possible to

determine the magnitude of the beam scallops at the anode exit, and the

experimental results could then be compared with the maximum and mini-

mum of the scallops predicted by the laminar theory. The shape of the

beam edge at several axial positions starting with the anode exit should be

compared to the shape predicted by the Pierce and Walker theory. It may

be that this theory accurately predicts the beam shape at. the. anode exit
12

when the calculated value of the beam temperature is used. It does not

predict the beam shape in the drift region, where one-fifth of the calcu-

lated beam temperature was used. A possible change in beam, temperature

between the two regions may be related to the decrease in the magnitude of

the scallops. Such a change in temperature with distance is not predicted

by the Pierce .and Walker theory, it would probably be necessary to study

the axial variation in transverse noise velocities in the beam to explain it.

A bucking coil should be used with the STL-100 gun to investigate

the validity of the linearized laminar theory when appreciable amounts of

flux thread the cathode. It would also be of great interest to see if the

beam used in these studies can be made to behave as an immersed beam,

as this would greatly extend the usefulness of this gun for r-f studies on the

Cornell beam analyzer.

-39-



APPENDIX A. BEAM ANALYZER

The beam analyzer used in obtaining the data in this experiment was

3first described by A. S. Gilmour and is shown in Figure 13. This appen-

dix reviews the important features of this analyzer and describes, the

improvements that have been made since Gilmour's report was published.

A. VACUUM SYSTEM

A schematic diagram of the vacuum system of the analyzer is shown

in Figure I4. This vacuum system was designed to meet two criteria:

(1) that high ultimate vacuum approaching that found in high-power micro-

wave tubes be attainable, and (2) that it be possible to open, close, and

evacuate the system easily and quickly.

The most important improvement made in the primary vacuum sys-

tem. in the course of the experiment was the replacement of the oil diffusion

pump system with a 75 l/sec VacIon pump. This ion-getter pump provided

several advantages over the old system: faster pumpdown, lower ultimate

pressure, reliability, and no oil contamination.

1. Faster pumpdown. Because of the size of the beam analyzer,

it was not feasible to bake it while it was being pumped, so that in order to

obtain a high vacuum, it was necessary to pump the gas that was slowly

evolved from the analyzer parts. The speed of the new pump was estimated

to be four to five times that of the oil diffusion pump previously used. Fur-

thermore, the necessity of baking the zeolyte trap before turning on the oil-

diffusion pump has added a few hours to the pumpdown process. The result

was that with the new pump, pressures in the low 10 mm Hg range were

achieved in a few hours,where 3 - 5 days had been required with the oil.-
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diffusion pump, the length of time depending on the cleanliness of the

vacuum system when pumpdown began.

2. Lower ultimate pressure. With the oil-diffusion pump, the best

4 vacuum obtained was a little better than 1 x 0- 7 mm Hg; whereas with the

new pump, a pressure of 2 x 10- mm Hg was achieved in the analyzer, an

improvement of nearly an order of magnitude in ultimate pressure. This

proved to be significant, since it was found. that ions affected, the focus of

the electron beam.*

3. Reliability. When the oil pump was used, electrical and mech-

anical failures resulted in a loss of vacuum and the spraying of oil from the

diffusion pump into the analyzer. This made it necessary to dismantle and

clean the analyzer with a consequent loss of several days before.the system

was pumped down again . While an electric power failure would cause the

Vaclon pump to stop, it could be restarted, and within a few hours the ana-

lyzer would be in operation, since no cleaning would be required.

4. No oil contamination. Even without a power failure, there was a

slow but steady backstreaming of oil into the drift tube of the analyzer, which

condensed on the scanning mechanism, r-f structure, and walls of the drift

tube. With the ball valve open, this oil drifted into the gun region, contami-
i

nating the cathode, and thus significantly reducing cathode emission.

The moving parts inside the vacuum system were controlled by

polished stainless steel rods sliding through Veeco quick-couplings.. These

rods were coated with a film of Dow-Corning high-vacuum grease as a lub-

ricant. When'the beam was on and data. was being taken, it was necessary

to move these rods in and out of the primary vacuum system. When the

A report on this study hasf been issued since this report was written: A. S.
Gilmour and D. D. Hallock, "Ion Effects in a Brillouin Beam, " Research
Report EE 545, Cornell University, 20 October, 1.96Z.
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rods were pulled out into the atmosphere, gas was absorbed on their sur-

face. This gas was released when the rods were pushed into the system.

In order to keep this effect to a minimum, a secondary vacuum system was

used to keep those parts of the rods that were to be moved into the primary

vacuum system at a pressure of less than 10 miwrons when they were pulled

out of the drift tube. Under these conditions, when the rods were pushed

slowly into the vacuum system, only a small change in pressure was obser-

ved with the drift tube'in the 10 8 mm Hg range.

The flanges used in the beam analyzer were designed for simplicity.

They were made from No. 304 stainless steel and polished on the mating

sides. Two kinds of gaskets were used. Lead O-rings were used for those

seals where no insulation was required between mating sections, and when

properly installed these gaskets did not leak. It was necessary to tighten

these gaskets periodically after they were first installed, because they

t4nded to creep. Their melting temperature of 180 degrees Centigrade

prevented high-temperature bakeOut, but this was no problem, since good

pressures were obtained without bakeout.

When insulation was required between flanges, teflon gaskets were

used. In addition insulating sleeves were placed around the bolts and in-

sulating washers were placed under the bolt heads. These teflon gaskets

were reusable for an indefinite period of time.

One of the most important features of the beam analyzer was the

high-vacuum ball valve used to isolate the electron gun from the primary

vacuum system. A sketch of the ball valve is shown in Figure 15. When

the valve was open, the beam passed through the aperture in the ball. When

the valve was closed, the drift tube could be opened to atmospheric pressure
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Figure 15. Simplified Sketch of Ball Valve with Ball in Open Position.

while the cathode was kept in a high vacuum. The ball, teflon gaskets, and

body shell were obtained from a Jamesbury ball valve. The valve, as modi.-

fied at Cornell University, was capable of holding the gun at pressures about

5 x 10- mm Hg. To obtain this performance, however, it was necessary

to lubricate the teflon gaskets. Dow-Corning high-vacuum grease was used

for this lubrication.
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B. ELECTRON GUN

The electron gun used for this experiment was taken from an STL-100

traveling-wave tube. This is a Pierce gun with a perveance of 1.15 x 10

and area convergence 'of 52.7, at Brillouin -flow. It was designed to oper-

ate at 5400 volts, but tests were made with this gun at beam voltages :of.

10000t.iQ,000 volts with satisfactory results. A photograph of the gun

mounted on the beam analyzer is shown in Figure 16.

Mating flanges, similar in design to those used on Varian Vaclon,

pumps were brazed to the gun body and back plate, so that the gun could

be readily opened if necessary. A flange that mated with the ball-valve

flange was brazed to the gun where it had been cut away from the interac-

tion region of the traveling-wave tube. Provision for pumping the gun when

the ball valve was closed was made by attaching an 8 1/sec Vaclbn._ pump

to the fitting that had served as the exhaust: port on the original tube.

Although the electron gun from the STL-100 was capable of d-c

operation at 5400 volts, it was. necessary to pulse this gun on the beam

tester to reduce the power dissipated by the scanning mechanism. The

duty cycle was usually .001. A Manson Laboratbries modulator capable of

supplying up to 20 kv and 20 amperes at a duty cycle of .001 was used to

supply the beam voltage.

The heater of the STL-100 gun was operated from a 60-cps sinu-

soidal supply. When the beam was pulsed at an arbitrary repetition rate,

the cathode therefore being pulsed at various values of heater current,

Gilmour3 observed a great deal of modulation on the beam. He attributed

This was one of five donated to the School of Electrical Engineering by
,4he Sperry Gyroscope Company.
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this modulation to the magnetic field produced by the noninductive heater

used in the gun. When the cathode was pulsed at a repetition rate of. 60 cps

and the pulses synchronized with zeros of the heater current, thus modula-

tion was eliminated, and the laminarity of the electron flow in the beam was

greatly improved.

C. BEAM SCANNER

The electron beam was collected on a pin-hole scanner, which was

positioned in the x, y, and z directions in the drift tube. A simplified

sketch of the scanner is shown in Figure 17. The beam-collecting area.on

the scanner was a molybdenum plate that was carbonized to reduce the

emission of secondary electrons. A .005-inch hole in the center of this

plate allowed a small fraction of the beam to pass through the collecting-

COLLECTING PLATE
FARADAY

CAGE

POSITIONING ROD M
TO MOVE PLATE
IN. VERTICAL .05 n HLPLANE 0,I OOin. HOLE

-. 3

MOLYBDENUM/'
PLATEI

POSITIONING ROD
TO MOVE PLATE IN
HORIZONTAL PLANE

Figure 17. Simplified Sketch of Beam-scanning Mechanism inside Drift Tube.
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plate to a Faraday cage. A photograph of the complete scanner is shown

in Figure 18. In the beam scanner used for this experiment, the Faraday

cage was part of the center conductor of a co-axial line so that injected r-f

currents could be measured for other experiments. This, of course, had

no effect on its use for d-c measurementsi

The scanner was moved by two positioning rods that were controlled

from outside the vacuum system. A plate.ticenter the scanner inside the

drift tube was attached to these rods behind the collecting plate. The cen-

tering plate moved along a guide rail inside the drift tube and was held in

position by spring-loaded teflon blocks.

The control mechanism for the positioning rods in shown in Figure

19. The scanning mechanism was moved axially by using the gear and rack

arrangement shown in the figure. The angular position of the rods was ad-

justed by means of the micrometers. The micrometer that set the horizon-

tal position of the scanner was equipped with a motor drive, and reversing

switches caused the motor to sweep the scanner back and forth across the

beam automatically. A ten-turn helipot was geared to the motor to provide

a voltage proportional to the horizontal position of the scanner; ,tiffs:vo~lt'.

age could be applied to the x input of an x-y recorder. The current, from

the Faraday cage produced a voltage drop across the input resistor of the

General Radio electr.ometer and provided a y input to the recorder propor-

tional to the current to the Faraday cage. Beam cross sections obtained in

this manner are shown in Figure 20. From this data the beam diameter

coild be. ddte~rmi-ned as a function of axial position.
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HORIZONTAL POSITION IN BEAM (INCHES)
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Figure 20. Typical Data from which Beam Diameter Was Obtained,
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It was also possible to arrange helipots to provide a voltage propor-

tional to either the x or z position of the scanner. This made it possible

to measure the beam current as a function of any one of the. three, positional

parameters in a single scan.
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APPENDIX B. BEAM-PERTURBATION EXPERIMENT

The object of this experiment was to measure the degree of lami-

narity of the electron beam directly. It was planned to identify certain

electrons by placing a local perturbation on the beam, which could be

tracked in the axial direction. Because of a lack of sensitivity in the de-

tection mechanism, it was necessary to perturb the beam so strongly to

detect a change in the beam cross section that the laminar equations of

motion were no longer valid. The objectives of the experiment, therefore,

were not met. The results of the investigation are summarized here to

point up the problems encountered as well as to serve as a basis for future

investigations.

A. METHODS OF PERTURBING THE BEAM

The two methods used by previous experimenters for applying a

local perturbation on the beam were (1) placing an obstruction in the beam

path1 4' 15 and (2) removing the oxide coating from a portion of the cathode
15

surface. These techniques were not suitable for this experiment for the

following reasons:

1. The perturbation introduced by these methods was more severe

than was necessary for detection with the beam analyzer, and it was felt

that a better understanding of the behavior of the unperturbed beam would

be obtained if the smallest detectable perturbation were used. Since the

beam-scanning sensitivity of this analyzer was greater than that available

to previous experimenters, a more refined technique was possible.
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2. The d-c characteristics of the beam could not be checked. Since

a rather small perturbation was anticipated, it was necessary to determine

the behavior of the beam under d-c operation precisely for comparison with

the perturbed behavior before the perturbation was applied. It was also im-

portant to compare the d-c behavior of the beam with the theoretical predic-

tions before perturbing it.

Some method of perturbing the beam by an electric or magnetic field

wa-s indicated by the preceding requirements. The idea of using an electric

probe was rejected. If the cathode surface is not to be disturbed, such a

probe can be used only to perturb the outer edge electrons of the beam.

Moreover, the addition of a mechanical structure near the beam edge in the

cathode-anode region of the electron gun might disturb the focusing of the

beam.

This left the magnetic field as the most promising means of perturb-

ing the beam. Previous electron-beam studies at Cornell University had

shown the possibility of using a small transverse magnetic field near the

cathode to perturb the beam6 The field from a.small perturbing coil placed

just behind the cathode generated a perturbation in the beam emitted from

the portion of the cathode in front of the coil. The degree of perturbation

was varied by varying the current flowing through the coil. In addition,

the d-c characteristics of the beam were checked simply by not passing

any current through the coil. This allowed other experiments with this

cathode to be made on the analyzer when data for the laminar flow study

were not being taken.
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B. DESIGN OF PERTURBING COIL

It was estimated that a transverse magnetic flux density of 5 gauss

would be required just in front of the cathode to produce an easily detect-

able perturbation. This estimate was based on a knowledge of the trans-

verse field developed at peak heater current by the noninductive heater used

in the STL-100 cathode and the resulting perturbation of the electron beam.

As mentioned in Appendix A, this effect was not present in the d-c beam

under test conditions because the cathode was pulsed at a zero of the heater

current.

A plot of gauss per ampere-turn was obtained in designing the coil

by assuming a single turn at the location of the perturbing coil. This plot

showed that approximately 100 ampere-turns were required in the perturb-

ing coil. The choice of seven turns and 15 amperes was made as the

best compromise for the de-sign criteria of size, power, and perturbing

effect. Because only fringing fields of the coil were used to perturb the

beam, only turns close to the cathode were effective. The use of concen-

tric turns was ruled out because of the mechanical problems involved in

fabricating such a coil and because this would have made the diameter of

the perturbing coil too large to provide only a local perturbation. It was

necessary, however, to use as many turns as possible to keep the current

from being high.

The estimate of flux density per ampere developed in front of the

cathode by the seven-turn coil was calculated by considering the perturbing

coil to be equivalent to seven circular turns. The model used is shown in Fig-

ure 21(a)' and the resulting fields in Figure 21(b) . The points at which these

-56 -



(a)

CATHODECENTERLINE *
__cA T___ 0 DE L CATHODE

COIL AND
.35.20 `Lý t•LI HEATER

PLANE OF CAL-
CULATED FLUX DENSITIES
WITH POINTS FOR COMPU-
TATION INDICATED

MODEL APPROXIMATING
* PERTURBING COIL

(b)

1.0

(1. BU)
cr .8-

::) *4' B *,

.2 I *

I •
I B

0 *I I U~~• I"•'•

EDGE OF CENTER OF CENTER OF

CATHODE COIL CATHODE

Figure Zi. Calculated Flux Density Per Ampere Developed by Perturbing
Coil: (a) Schematic Showing Coil Position, (b) Field Distribution.
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values were obtained were one millimeter in front of the cathode to obtain

flux densities beyond the space-charge depression. This plot, using the

more accurate model, shows that only 12 amperes were required in the

perturbing coil to provide a sufficient transverse magnetic field, B

A photograph of the coil parts and an assembled perturbing coil are

shown in Figure 22. A seven-turn coil of .013-inch tungsten wire (B) was

wound on the mandrel (A). The coil was then unscrewed from the mandrel,

chemically cleaned, and placed on the ceramic cylinder (C), with one lead

going through the center of the cylinder. Nickel straps were spot welded

to the coil to hold it in place. Figure 23 is a schematic diagram showing

the perturbing coil mounted behind the cathode. The heater lead support

structure is omitted for simplicity. The coil was held in place by a molyb.-

denum spring. This permitted some freedom of movement that allowed for

thermal expansions. The coil lead from the center of the ceramic cylinder

was connected to the cathode, while the other lead was clamped in a block

that was fastened to the focusing electrode with a ceramic insulator. The

perturbing coil pulse was applied between the perturbing coil lead and the

heater-cathode read. With this arrangement the perturbing coil was always

maintained at the cathode potential.

C. MOTION OF THE PERTURBED ELECTRONS

The computation of the exact trajectory of an electron moving

through the magnetic field of the small coil mounted behind the cathode is

a problem for a computer. In this treatment the motion will be described

qualitatively.
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Figure 22. Perturbing Coil and Parts: (a) Mandrel for winding coil,
(b) perturbing coil, (c) ceramic tubing, (d) assembled per-
turbing coil.
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In the model used to describe the perturbation, the magnetic field

that perturbed the electron trajectories was independent of the focusing

field. Since the perturbing field strength dropped off as the inverse cube

of the distance from the coil, it was assumed that this field gave certain

electrons an initial translaminar velocity at the cathode andthat it did not

extend appreciably into the acceleration region of the gun. This assump-

tion was supported by Figure 24,which shows the maximum value. of per-

turbing field that occurred on the axis of the coil for a current of 15 am-

peres in the coil. The field strength is seen to drop off to levels which do

not seriously perturb the beam beyond about .15 in. in front of the cathode,

The field strength that was chosen for this level was roughly that produced

by the heat6r at peak heater current. The countering effect of increasing

,20OCl)

I 15 AMPERES
S16 COIL

Q
-.J
uw12-
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Lii: a-
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Figure 24. Maximum of Perturbing Field as Function
of Distance from Cathode.
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electron velocities was not included. This led to an underestimate of the

actual perturbation. The extent of the effective perturbing field in front of

the cathode is shown in Figure 25,

P. With No Focusing Field Threading the Cathode

Cutler and Hines7have developed a method for analyzing the effect

of perturbations in Pierce-type electron guns and have applied it to deter-

mine the effects of thermal velocity in electron beams. The method as-

sumes an ideal laminar beam, which is treated under paraxial-ray assump-

tions: (1) All angles of convergence and divergence of laminar flow lines

are small; (2) longitudinal electric fields are uniform over a given cross

section of the beam; and (3) all radial fields are proportional to the di~atance

from the axis. One electron is perturbed at the cathode and its trajectory

is traced as it moves in the laminar beam. Expressions are obtained which

give, through the use of graphs, the displacement of the trajectory of this

perturbed electron from the trajectory of the laminar electron that origi-

nated at the same place on the cathode. This method is readily adapted to

determine the displacement of a perturbed electron from that of a laminar

electron at the anode exit of the STL-100 gun where the beam is injected

into the magnetic field. Figure 26 shows the geometry of the gun and some

of the nomenclature required for this derivation.

The radial position of the perturbed electron is given as

r'(z) = p(z) re (z) , (33)

where re is the radius of the edge of the beam and [. is a radial co-ordinate,

which varies from zero at the beam center to unity at the beam edge. Lam-

inar- electrons follow paths of constant u.
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Figure 25. Extent of Effective Perturbing Field into Accelerat ion Region
of Electron Gun.
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Figure 26. Diagram Showing Electron Gurin Parameters Used in Tracing
Perturbed Electrons.
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17From this Cutler and Hines readily obtlain

t

Ft ~ ) (34)

where the subscript I refers to the value at any given reference plane.

This gives the trajectory deviation Ar at any place along the axis in terms

of the perturbation velocity and position at the reference plane. From

Equation (33), uthis rm-ay be written as

Ar re r t re /r e (35r

t1  e)

In the Cutler and Hines analysis, the integral on the right is sepa-

rated into two parts: the first covers the accelerating region between the

cathode and anode aperture, the second covers the drift space beyond the anode

aperture. The time t = t,, the time at the cathode, is the lower limit.

After the appropriate substitutions and integrations, the first part

of the integral becomes:

t _ 2/3a dt c a A (36)

where r, and r are the radius of curvature of the cathode and anode aper-

ture respectively, a is the Langmuir parameter a evaluated at the anode,

V is the anode potential, and A (TF/F) is a tabulated function of
a c a/a
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In the drift region beyond the anode aperture the beam diverges

under the effect of the space charge in the beam. There is in addition the

lens effect at the anode aperture, but this will provide only a higher-order

modification to the Cutler-Hines trajectory deviation; therefore, the Cutler-

Hines deViation is adequate for this application.

For the case of the shielded beam of slowly varying diameter in

terms of the beam voltage and current,

2
dr Ie T1 1Ib

e = _- - .(37)

dt 2  2rrEre 27rEr re

When the appropriate values are substituted from the acceleration region,

and several changes of variable and integration are performed, a lengthy

expression for the integral on the right in Equation (35) is obtained for the

beam in the drift region. This expression may be considered for the case

re = rmin; that is, rmi occurs at the anode exit. That this is a valid

assumption is indicated by the small amount of scalloping detected under -the

Brillouin focus condition described in Section III. Since the condition of zero

scalloping can only be achieved if the beam is injected into the ma'gnetic

field just at r e = r min the conclusion is that the beam minimum does

occur at or very near the anode exit.

For the axial position at the beam minimum, the complete expres-

sion for the trajectory deviation becomes

r\ 2/3 r
(r (-a) A + 3 a err .in

~c (38)
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The significant thing about this relation is that for the fixed gun design of

the STL-100 and fixed beam voltage, the value of the right-hand side is a

constant; thus,

Ar = K~o UdIc (39)

This indicates that the trajectory deviation is directly proportional to the

transverse perturbation velocity at the cathode and inversely proportional

to the beam velocity. Also, though the, the.ory wva's derived for the case of

an initial transverse velocity in the radial direction, it may be shown to

apply for off-axis electrons with initial velocities in any transverse direc-

tion. This is a consequence of the linear character of the variation of the

radial fields with radius under the paraxial-ray assumption. Thus the

result applies to all electrons perturbed by the magnetic field of the per-

turbing coil.

It should also be noted that because of the electrostatic nature of

the accelerating fields, an initial transverse velocity in any given plane

could be assumed to produce a trajectory deviation in that plane. This

further simplifies the task of tracking electrons through the acceleration

and drift regions of the gun.

The trajectory deviation of electrons entering the drift region can

have both velocity and positional components. It can be expressed in terms

of an ý and a € at the cathode plane. "These terms do not represent actualc c

velocities at the cathode surface, but are mathematical equivalents which

give: the trajectory deviation at the anode exit.

Ideally, when the perturbed electron trajectories are extrapolated

from the anode exit back to the cathode plane according to the preceding
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theory, they should all intercept the cathode plane at a common point.

Because the perturbing field is solenoidal, this will not occur. As a result,

the "local" perturbation assumed at the cathode is, in terms of the electron

motion in the beam, rather diffuse.

Some typical transverse velocities at the cathode surface are shown

in Figure 27. The~se velocities were determined by considering the forces

on an electron moving through the perturbing field. The diffuse nature of

the source of the perturbations is shown. In fact, the perturbed area ac-

counts for something approaching one-quarter of the cathode area. Because

the Aield of the perturbing coil is confined near the coil axis and because it

falts to low levels rather quickly, the diffusion is not so severe that this

method of perturbing the electrons is not valid.

Now that the motion of perturbed electrons through the accelerating

region of the electron gun is understood, the motion of the perturbed elec-

trons in the beam may be described, For this treatment the laminar equa-

PERTURBING
COIL

4-

_ /

V

YV33 EFFECTIVE LIMIT'

C OF PERTURBING FIELD

CENTER OF
CATHODE

Figure 27. Typical Transverse Velocities Given to Three Electrons by
the Perturbing Coil.
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tion of motion previously derived will be used. This treatment is based on

the so-called "translaminar theory" of a few translaminar electrons in a

laminar stream used by Brewer, and also used in this report to explain the

3
anlomalous scallop wavelength observed by Gilmour. The assuinptions

are (1) that the perturbed electrons do not disturb the essential laminarity

of the electron beam and (2) that they remain within the beam.

The solution to Busch's theorem, Equation (8), then becomes,

2
mr =er A' erc A +mr ec (40)

c c

or

2cr

When the additional term, - bc, is carried through,the necessary.
r

algebra for the case g = o, Equation (16) becomes,

4 .2

+ c1=0 (42)

This shows that the R component of the perturbation does not
c

influence the radial frequency of oscillation of the electrons. An electron

with a purely A component at the cathode plane (0 = 0. for this electron)
c c

will oscillate about the laminar trajectory and remain in a constant phase
relationship with it. An electron with a ec component, on the other hand,

will not oscillate in the radial direction with the same frequency as the

laminar electron. This will give rise to a "wash-out" of the perturbation

with axial position, which will become more severe a-s 5 increases.
c

Since the term 6 is squared, it might appear that the sign of this
c

term would not affect the radial frequency of oscillation. This would be
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occur only if the sign of 6 c did not affect the axial velocity of the electron.

The sign of 6c does affect the axial velocity,18 however, so this effect must

be considered. Since the perturbing coil used was not on the beam axis,

both positive and negative signs of e c were given to perturbed electrons.

Although detailed calculations were not made, the change in axial velocity

arising from the different signs of ec would increase the rate of wash-out

of the perturbation above that expected from Equation (4Z) alone.

2. With Focusing Field Threading the Cathode

Since for this study the conditions investigated were near Brillouin

flow, the case of flux threading the cathode can be considered as a pertur-

bation of the previously treated case. When R / 0, Equation (16) becomes:
g

2 R4 c 1

R+W RK -4 (j 0j , (43)

• W~c

r1B
where cL Tc

This indicates that the presence of flux threading the cathode can

affect the motion of the perturbed electrons. The sign of 6alters the

oscillation frequency about the laminar trajectory. Since both signs of c

existed in the beam, the perturbation washed out more quickly when flux

threaded the cathode. Again the velocity variation with e will exist, as

when flux does not thread the cathode.
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D. EXPERIMENTAL OBSERVATIONS

1. Pulse Applied to Perturbing Coil

The resistance of the coil at a cathode temperature of 825 degrees

Centigrade was very nearly 1/4 ohm. The power dissipated by this coil

under d-c operating conditions at a current of 12 amperes would have been

too large to be practical. Since the cathode was pulsed at a .001 duty

cycle, it was possible to pulse the perturbing coil in synchronism with the

cathode pulse at very nearly this duty cycle. This reduced the average

power dissipated by the pertunbing coil to less than 3/4 watt, which was a

negligible fraction of the heater power of 68 watts.

The pulse applied to the perturbing coil was synchronized with the

cathode pulse,which occurred at a repetition rate of 60 cycles per second.

The pulse duration of the cathode pulse was 16.7 microseconds, but a coil

pulse duration of up to 100 microseconds was the design, goal to allow for

the use of longer pulse durations and the possibility of poor rise and fall

times of the perturbing coil pulse.

A pulse transformer was used to match the extremely low impedance

of the perturbing coil to a cathode follower. This transformer also pro-

vided d-c insulation between the cathode and pulsing network. A flash

shield was provided to protect the primary windings from a breakdown of

the insulation of the secondary windings.

A schematic of the pulsing network is shown in Figure 28. The

modulator was equipped with a 60-cps sine-wave output with the phase

variable with respect to a zero of the heater current. This,. signal was used

to trigger the pulse generator in the modulator. The phase of the sine-
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wave trigger was adjusted to make the cathode pulse occur at a zero of the

heater current. The synchronous output of the modulator was us:ed to trig-

ger the perturbing coil pulse. A delay line with up to 14 ýLsec total delay

in 1. 4 lisec steps was installed in the pulse generator of the modulator to

allow the cathode pulse to be delayed with respect to the synchronous out-

put. This allowed for the circuit delays in the perturbing-coil pulsing cir-

cuit and for the rise time of the perturbing-cbil pulse.

A General Radio pulser and pulse amplifier were used to generate

the pulse perturbing the coil. A cathode follower was needed following the

General Radio pulse amplifier to provide the necessary power to the per-

turbing coil. This amplifier had been constructed at Cornell for another

experiment. A 20-ampere pulse applied to the perturbing coil with a pulse

duration of up to 100 [isec was produced. The vibration of the, coil leads at

the vacuum seal induced by the varying current limited the pulse current to

this value for safe operation. Figure 29 shows the pulse waveforms on the

primary and secondary of the pulse transformer for a 25-ptsec pulse.

2. Observations on the Perturbed Beam

The perturbation was observed on the beam cross section by scan-

ning the beam twice, once with the perturbing coil current turned on and

once with the current turned off, The cross sections were superimposed

on the x-y recorder so that the two results could be -compared and the per-

turbation could be easily seen.

When the beam was pulsed, the full coil current (12 amperes) was

required to obtain a measurable perturbation. This precluded varying the

current to detect a possible change in the magnitude and behavior in the

beam. It was originally hoped that the unperturbed beam could be evaluated
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by extrapolating to zero the results obtained by perturbing the beam at

several values of coil current.

The behavior of the perturbed beam was as expected. The pertur-

bation was observed over a distance of six to eight inches from the anode

exit. In this region it seemed to rotate about the axis at roughly the Larmor

angular velocity. Beyond this point the perturbation washed out. This be.-

havior would be expected from the previous theoretical discussion. At a

distance of 16-18 inches from the anode exit two perturbations appeared on

the beam on opposite sides of the beam center. (That two localized pertur-

bations were seen was a little surprising and has not been explained.)

The coil was modulated with a 500 kc/s r-f signal detected with a

receiver in order to increase the sensitivity of the measurements. The

higher harmonics of the beam pulse made detection of the perturbation im-

possible with this technique.

E. RECOMMENDATIONS FOR FUTURE STUDY

This method of probing the beam has shown some promise. In order

to obtain useful results, however, some improvements in the detection sen-

sitivity must be made.

1. Perturb alternate pulses of the beam. This would put a 30-cycle

perturbation on the beam. A low-pass filter in series with the detected

beam current will allow the 60-cycle beam-pulse component to be elimina-

ted. This 30-cycle perturbation could be amplified and visually displayed

on an oscilloscope to obtain much greater sensitivity than the method de-

scribed in Section D. A circuit for perturbing alternate pulses of the elec-

tron beam has been built and a schematic of it is shown in Figure 30.
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2. Use a smaller pin-hole. If a .002 in. or .003 in. pinhole is'

used instead of the .005-*inch 1Pinhole used in taking data thus far, the

amount of trajectory deviation required would be much less. This should

allow the maximum benefit to be obtained from the increase in sensitivity

described above.

3, Investigate the first few inches of beam after the anode exit.

Since the perturbation blurs beyond 8-10 inches from the anode exit, the

increase in sensitivity and resolution resulting from using a smaller pin-

hole and perturbing alternate pulses of the beam would be of little value

unless measurements were taken clogse to the anode exit.
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